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Summary 

The development of new types of planetary and planetary face-gear drives is proposed. The 
new designs are based on regulating backlash between the gears and modifying the tooth 
surfaces to improve the design. The goal of this work is to obtain a nearly uniform distribution of 
load between the planet gears. In addition, a new type of planetary face-gear drive was 
developed in this project. 


Research Program 


New types of Planetary Face-Gear Drives 

The developed face-gear drives are shown in figs. 1, 2, and 3. The research program covers 
basic ideas of the design of the proposed gear drives. 

Fig. 1 shows a planetary face-gear drive formed by coaxial face-gears 1 and 4, and two 
rigidly connected helical gears 2 and 3, mounted on the carrier. A crossing angle y is formed by 
axes of face-gears 1 and 2 that differs from 90°. 

The advantages of the proposed gear trains are as follows: 

(i) A high gear ratio may be easily achieved. However, the high gear ratio will be 
accompanied with lower efficiency. A graph that shows the relation between the 
efficiency of the train and the gear ratio will be presented later. 

(ii) The gear train mentioned above can also be used as a differential. In comparison 
with a differential train formed by spiral bevel gears, the meshing and precision will 
be substantially improved due to separate meshing of two pairs of gears: gear 1 and 
2, gears 3 and 4. In a train of spiral bevel gears, the same planet gear is 
simultaneously in mesh with two other spiral bevel gears. The simultaneous 
meshing of three bevel gears is a substantial obstacle for optimization of meshing. 

(iii) The technology of gears of a face-gear drive is simpler in comparison to that of the 
spiral bevel gears. 

A new method of generation of face-gears by grinding, performed by application of a worm 
of special shape, will be developed. Such a worm may be applied as a cutting tool (hob). The 
grinding worm and the shaper may be used for generation of the face-gear. This new technology 
for face-gear manufacture, permits the application of hardened materials. 

The face-gear drives shown in figs. 2 and 3 can be successfully applied for torque splitting. 
Fig. 2 shows an example of an angular transmission wherein the input torque, applied to floating 
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pinion 1, is split between gears 2 and 3. Then gear 4 transfers the torque from gear 3 back to gear 
2. The advantages of such a transmission are as follows: 

(i) The floating pinion 1 allows a very precise torque splitting, therefore such a 
mechanism may double the transmitted torque in comparison with the mechanism 
formed only by gears 1 and 2. 

(ii) The meshing of face-gears 2 and 3 with pinion 1 is not sensitive to the axial 
displacement of pinion 1. In comparison with spiral bevel gears, installation of 
gears is simplified and compensation of thermal extensions of shaft 1 is provided 
automatically. 

(iii) Face-gear drives can obtain a high transmission ratio: reductions of 5 to 10 for a 
single stage becomes possible. 

The gear drive shown in fig. 3 is formed by: (i) coaxial face gears 1 and 3, and (ii) carrier c at 
which are mounted N p planets 2', i = 1 ,...,N P . Spur or helical gears may be utilized. Extended 
axial dimensions of planets 2' are required for simultaneous meshing of face-gears 1 and 3. Each 
planet is rotated independently with respect to the carrier. 

The advantage of this gear train is the possibility to obtain a low gear ratio, that is not 
permissible by a conventional face-gear train. 

The design of a face-gear drive requires: (i) avoidance of singularities and tooth pointing by 
generation of a shaper, and (ii) avoidance of singularities of the generating worm. Methods for 
solution of the problems mentioned above and developments of respective computer programs 
are accomplished in this paper. 


One-Stage Planetary Gear Train 

The schematic of a conventional planetary gear train is shown in fig. 4. The main goal is 
obtaining a more uniform load distribution between the planet gears. For this purpose: (i) helical 
gears (of a small helix angle) will be used instead of spur gears, (ii) the tooth surfaces will be 
modified in comparison with conventional ones (fig. 5). 

The new design will permit the: (i) regulation of backlash for achievement of almost uniform 
load distribution, and (ii) reduction of transmission errors caused by misalignment. 

The regulation of backlash will be achieved by providing a small screw motions of the planet 
gears in the process of assembly. Fig. 6 illustrates schematically the effect of regulation of 
backlash. 

Reduction of transmission errors will be achieved by the application of a predesigned 
parabolic function of transmission errors that can adsorb linear functions of transmission errors 
caused by misalignments. Fig. 7 illustrates schematically that functions of transmission errors 
and backlash are different for subgear drives formed by various planet gears and therefore the 
load between planet gears cannot be distributed uniformly. (A subgear drive is formed by a ring 
gear, sun gear, and a sole planet gear). 

However, the proposed approach of regulating the installment of planet gears permits an 
integrated function of reduced transmission errors and a minimized backlash magnitude (fig. 8) 
can be obtained. 

In fig. 5 a one-stage planetary gear train with double-helical gears is shown. Such a gear 
drive is an example of a complicated multi-body system, for which it is difficult to obtain a 
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uniform (or almost uniform) load distribution between the planet gears. An approach for simple 
regulation of the backlash between the planet gears will be developed. 


1. General Considerations 


1.1 Introduction 

Although the working principle of planetary gears has been known for many years, there is 
still a great interest towards this particular device. Machine designers that work in many different 
fields are attracted by this mechanisms because they successfully solve specific problems. 

Planetary gear drives are constituted by three main elements: (i) a sun gear, (ii) a carrier that 
hosts planet gears, and (iii) a ring gear. Either the sun or ring gears may be fixed, the other 
performs rotation about its axis (fig. 4). The planet gears perform rotation with the carrier and 
about the carrier (fig. 4). 

There are three main configurations for application of a planetary gear. The gear train may 
have: 

(i) one input, one output, and one fixed element. The input shaft may be a sun or the 
carrier, the output is the remaining element. In this case the mechanism is a speed 
reducer (or multiplier) 

(ii) one input, two outputs, and no fixed element. The input shaft may be the carrier, the 
outputs the sun and ring gears. In this case the mechanism is a differential. The 
output torque is divided among the two output shafts 

(iii) two inputs, one output, and no fixed element. This mechanism is a speed combiner, 
since the output speed is a linear combination of the speed of the two input shafts. 

There are even some more applications where the configuration of the system may be 
changed during the operation. Planetary gear drive of fig. 4, for instance, can be applied as a 
two-speed transmission. The input shaft is the central sun gear 1, and the output shaft is the 
carrier c. The first speed is obtained keeping gear 3 at rest. Then, the second speed is obtained 
connecting gear 3 to the input shaft (direct drive). 

Another key point for flexibility of the design is the application of various gear types: spur, 
helical and double helical gears are examples of commonly applied technologies. Straight bevel 
gears are widely applied in automotive differentials. Application of face-gear drives is a new 
possibility that has recently been achievable since the development of enhanced face-gear 
manufacturing technology. Examples of such application for a reducer and a differential are 
provided in this report. 

Besides the advantages that come from the enormous flexibility of design that planetary gear 
trains allow, there are several other positive aspects related with the application of such 
mechanism. The most evident advantage in comparison with conventional gear drives is that the 
power entering the mechanism is branched out through many planetary gears. This reduces 
substantially the load carried by each contacting pair of teeth, making possible the adoption of 
smaller tooth dimensions. In turn, this results in design of smaller dimensions of the gears and 
reduced peripheral speed (pitch line velocity). 

Another advantage is a higher gear ratio of the planetary gear drive in comparison with the 
inverted train (see definition of inverted train in section 1.3). With reference to fig. 4, suppose 
that the input shaft is gear 1 and the output shaft is the carrier. The gear ratio will be: 
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( 1 . 1 ) 


_ #1 
o\ N x + N 3 

Consider now an inverted train formed by gears 3 and 1 wherein the carrier c is fixed. Gear 3 is 
the output one, and the gear ratio is: 


co 3 _ N x 
o\ N 3 


( 1 . 2 ) 


Here, the negative sign indicates that links 1 and 3 rotate in opposite directions. 

Comparing the angular velocities of the output link that is provided by equations (1.1) and 
(1.2), we will find out that the planetary gear drive provides a larger reduction of the speed of the 
output link. Application of planetary gear drives can result in a fewer number of stages for a 
given speed reduction. 

The efficiency of planetary gear trains plays also an important role. Deriving the efficiency 
of the planetary gear train of fig. 4 in the case that link 3 is held at rest (see section 1.3), it is 
possible to prove that the efficiency of the planetary train is always higher than the efficiency of 
the inverted train. The previous statement is always true: the fact that the input link is the sun 
gear or the carrier doesn't change this conclusion. However, gear ratio provided by this 
mechanism is usually less than six to one per stage. 

Other planetary gear trains, like the one shown in fig. 1, may be designed to provide much 
higher gear ratios (see below). However, a price is paid for this by reduced efficiency. 

One of the limiting factors for high speed applications of planetary gear trains is the angular 
speed of the carrier. This limitation exists because of the centrifugal load (due to the inertia of 
planetary gears) that affects the bearings of the carrier. Some aerospace high speed applications 
make use of a gear drive similar to fig. 4, but with the carrier held at rest. 

A problem that is faced by all the designers of planetary gear trains is the determination of 
the load acting on each planet. The difficulty comes from the fact that a planetary gear train is an 
hyper static multi-body system, therefore the load acting on each member is not easily 
determined. 

In the case of ideal manufacturing and assembly, the assumption of the load being equally 
split is reasonable. However, in a general case errors of manufacturing and assembly have to be 
considered. In this case, assuming that the train is constituted by rigid bodies, only a single 
planetary gear will be simultaneously in mesh with gears 1 and 3. 

In reality, since the links that constitute the mechanism are deformable, by progressive 
application of the load an increasing number of members will be in mesh. However, the first 
planetary gear that was in mesh after application of the load will carry a higher load. The 
disadvantage of non uniform load distribution can be effectively reduced by regulation of 
installment of planet gear as it is proposed in this report (fig. 6). 


1.2 Gear Ratio 

The gear ratio (section 1.2) and the efficiency of a planetary gear train (section 1.3) are 
determined by application of the idea of an inverted gear train formed by the gears of the 
planetary mechanism [1], 
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The carrier of the inverted mechanism is considered as fixed. The inversion is based on the 
idea that the gears of both mechanisms, the planetary and the inverted one, perform rotations 
about the carrier with the same angular velocity. 

The angular velocities of the links of the planetary mechanism are related by the following 
equation [2] : 


®k-®c 

G\-(O c 


= m 


(c) 

12 


(1.3) 


Here, a\ is the angular velocity of gear k in absolute motion with respect to the frame of the 
planetary mechanism; (Ok-(O c is the angular velocity of gear k in its relative motion with respect to 
the carrier; mu <c> is the gear ratio of the inverted mechanism wherein the transformation of 
motion is performed from gear k to gear 1 while the carrier is held at rest. The gear ratio m^/ e) is 
considered as an algebraic quantity: mk/ c) is negative (nn/ c>< 0) if the direction of rotation from 
gear 2 to gear 1 of the inverted mechanism is opposite. Similarly, ratio mu c> is positive wherein 
directions of rotation of gears k and 1 of the inverted mechanism coincide. 

We illustrate application of eq. (1.3) for the gear drive shown in fig. 1. Assume that face-gear 
4 is fixed {a>k = co 4 = 0) and the train is used as a planetary one. Then we obtain 


-a> c 

<»c 


- ™( c ) 


= m 


12 


■m 


(c) 

34 


A, 

(-l)-^(-l) 


N4 

N 3 


Equation (1.4) yields 


m 


(4) _ 

cl “ 


a\ 


1 

t Wa 
n,n 3 


Ml 

N x N 3 -N 2 N 4 


(1.4) 


(1.5) 


Here: co c and coi are the angular velocities of rotation of carrier c and face-gear 1; m c / 4> is the 
gear ratio of the train where carrier c and face-gear 1 are the driving and driven members of the 
gear train and gear 4 is held at rest; A; (/ = 1,...,4) is the tooth number. 

In the case where N 2 = Aj, we obtain that 


m 


( 4 ) _ 

cl 


N 1 

A,-A 4 


( 1 . 6 ) 


A substantial reduction of angular velocity co c may be obtained. However, the efficiency of 
the train depends substantially on the applied gear ratio m c / 4> . 

1.2.1 Numerical Example . — The train of fig. 1 is formed as follows: output gear A; = 100, 
planet gears N2 = N 2 = 17, fixed gear N 4 = 88, crossing angle y = 75°, helix angle (3 = 10°. 

The helix angles of pinions 2 and 3 are of the same directions in order to reduce the axial 
load on the carrier c transformed from the pinions. 

It follows from eq. (1.6) that 
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100 


= 8.333 


(1.7) 


m W = ^c_ = 
cl co x 100-88 

Such a gear ratio is obtained for a gear train that performs rotation between coinciding axes. 
However, this arrangement has a comparatively low efficiency that will be shown later (see 
section 1.3). 

1.2.2 Numerical Example . — A gear train that is used in helicopter transmissions (see fig. 4) 
will be assessed. Gear 3 (ring gear) is fixed and the carrier c caries n planet gears (n = 5 is shown 
in fig. 4). Equation (1.3) yields 


-<»c 


= m 


(c) 

13 


Here, mi 3 (cJ is the gear ratio of the inverted mechanism 


m 


(c) _ m (c) 1c) _ 


N. 


N, 


13 


m 


12 


m 


23 


(-1)t^(+1)t^ = (-1) 


N 


N, 


,*3 

N, 


( 1 . 8 ) 


(1.9) 


Equations (1.8) and (1.9) yield 


_ #1 
Cl\ + TV 3 


( 1 . 10 ) 


The reduction of angular velocity, co c , is obtained where gear 1 and carrier c are the driving and 
driven links, respectively. 

Note: The number of planet gears and tooth numbers of gears 1 and 3 are related as follows 
[1] : Vi+jv 3 has to be an integer number, where n p is the number of planet gears. 


1.3 Efficiency of a Planetary Gear Train 

Let us compare a planetary gear train with a conventional one, with fixed gear axes, designed for 
the same gear ratio of angular velocities of the input and output mechanism links. The 
comparison shows the following [7]: 

(i) The planetary gear train has smaller dimensions than the conventional one. In a 
conventional design a set of gear drives is required, not a single train for the 
required speed reduction. 

(ii) However, the planetary gear train has usually a much lower efficiency in 
comparison with the conventional gear train. An exception is the planetary gear 
train shown in fig. 4 (see Example 1.3.2). 

The determination of the efficiency of a planetary gear train is a complex 
problem. A simple solution to this problem is proposed by [3] (see as well [1]) and 
is based on the following considerations: 
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(i) The efficiency of the planetary gear train is related with the efficiency of the 
inverted train wherein the relative velocity of the planetary train and the inverted 
one is observed as the same. The inverted train is obtained from the planetary train 
wherein the carrier is held at rest and gear j, that has been fixed in the planetary 
train, is released. 

(ii) Two cases of efficiency of planetary train designated by ij ic (i> and i]J J> might be 
considered. Here designations in r/ K (i> indicate that gear i and carrier c are the 
driving and driven links of the planetary train. Respectively, designations in rjJ l> 
indicate that carrier c and gear i are the driving and driven links of the planetary 
train. In both cases, the superscript (j) indicates that gear j is the fixed one. 

(iii) We consider gear i or carrier c as the driving link of the planetary gear train if 

M k co k > 0, (k = \,c) (1.11) 

where M k is the torque applied to link k ; o\ is the angular velocity of link k in 
absolute motion, in rotation about the frame of the planetary gear train. 

(iv) It is assumed that a torque M, of the same magnitude is applied to link i of the 
planetary and inverted gear trains. Torque M, is considered as positive if i 
(but not c) is the driving link. In the case that the driving link is the carrier, torque 
Mi is the resisting moment and M t < 0. 

The ratio (c ojcoi ) may be obtained from the kinematics of the planetary gear 
train using the following equation for the train with fixed gear j: 





( 1 . 12 ) 


The determination of efficiency of planetary gear trains is considered for two 
typical examples. The approach discussed may be extended and applied for various 
examples of planetary gear trains. 

1.3.1 Numerical Example . — Planetary gear train shown in fig. 4 is considered for the 
following conditions: (i) gear 3 is fixed (j = 3); (ii) gear 1 and carrier c are the driving and driven 
links, respectively. 

Equation (1.12) yields 


c _ 

CQ\ N 3 + 


(1.13) 


Consider now the inverted gear train where rotation is provided from gear 1 to gear 3 
wherein the carrier is fixed. Torque Mj is applied to gear 1 and Mi is positive since gear 1 is the 
driving gear in the planetary gear train. The angular velocity (Oi of gear 1 of the planetary gear 
train is of the same direction as Mi and MiCOi > 0. 

The efficiency rji c (3) of the planetary train is determined as 
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(1.14) 


( 3 ) _ MjO\ —P t 

lc M x a\ 


Here: M/CO/ - Pi is the output power, and MjCOj is the input power (MjCOj > 0). 

The key for determination of rpc is that the power Pi lost in the planetary gear train is 
determined as the power lost in the inverted train. The input power of the inverted train is 
co c ) > 0, since Mj> 0 and ( a>i-co c ) > 0. 

We consider as known the coefficient \|/ c) = 1 - r) (c) of the inverted train. Then, we may 
determine the power lost in the inverted gear train as 

P, =\|/ (c) M 1 (ry 1 -ry c ) (1.15) 


Equations (1.13), (1.14), and (1.15) yield 


€ } = i- 




(c) 


N, 


N x +N : 


3 ) 


(1.16) 


Rearranging terms of equation (1.15) and using the definition of i|/ c) , it is easy to obtain the 
following one: 


(1-7i ( c 3) ) = (1~7 (c) ) ~ (1-17) 

N l +N 3 

It is easy to notice that — — — is always less than one. It follows 

N l+ N 3 

(1-*7, ( c 3) )<(1->7 (c) ) (1.18) 

and 

t]ll } > tl (c> (1.19) 

Inequality (1.19) holds for any teeth number tV/ and jV?- 

1.3.2 Numerical Example. — The same planetary gear train is considered for the conditions 
that the driving and driven links of the planetary gear train are the carrier and link 1, 
respectively. 

Gear 1 is now the driven link of the planetary gear train, Mj < 0 since Mi is the resisting 
moment. We consider now the inverted train taking into account that Mi(ati-at c ) < 0, since 
M] < 0 , ( (Oi-C0c ) > 0 . 

The power Pi lost in the inverted train is determined as follows 
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1 -77 (c) 


Pi = (-^1 - ® c ) - (-Ml )(tf* - 0 ) c ) = ^ (-Mj )(o\ - 0 ) c ) 




V 


(c) 


( 1 . 20 ) 


Equation (1.20) provides that the lost power Pi is positive. (Recall that Mi < 0 and 

(0)i- 0) c ) > 0). 

Then we obtain 


p 

^,( 3 ) 1 driven 

^ ~ P +P 

driven l 


-M x o\ 


n 


- M \ 0 )\ + 1 ..^ ) (-M x )(o\- 0 ) c ) 


1 


i-n (cU 


1 + 


n 


(C) 


1_^L 

V °h ) 


1+1=2^ 

7 (c) 


' ^3 ^ 


2V”i + jV : 


3 ) 


( 1 . 21 ) 


Equation (1.21) may be rearranged as follows: 

l-^i } _\-v (c) 




7 (c) N { + N 3 


( 1 . 22 ) 


N , 

Following the same procedure as in the Example 1.3.1, we recognize that — <1, 

N.+N, 

therefore: 


1 — // (c) > l—TJcl^ 


V 


(C) 




(1.23) 


Simplifying inequality (1.23) the following is obtained: 


n$>n ie) 


(1.24) 


Inequalities (1.19) and (1.24) prove that the efficiency of the planetary gear train shown in 
fig. 4 is always higher than the efficiency of the corresponding inverted train. 


1.4 New Geometry of Face Gear Drives 

The existing geometry of face gear drives is based on application of a spur involute pinion. 
The generation of the face gear is based on application of a spur involute shaper. The tooth 
number N s of the shaper is increased in comparison with the tooth number Nj of the pinion for 
bearing contact localization. The disadvantage of the existing geometry is the possibility of areas 
with severe contact stresses. The bearing contact is oriented across the surface. 

The new geometry of face gear drives is based on following ideas: 
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(i) Two rack-cutters £ c i and X cs of parabolic profiles are used during the generation of 
the shaper and the pinion respectively (figs. 9(b) and 9(c)). 

(ii) Rack-cutters £ c i and Z cs are provided with mismatched parabolic profiles that 
deviate from the straight line profiles of the reference rack-cutter X c (fig. 9(a)). 

Skew rack-cutters with parabolic profiles may be also applied. Such rack cutters might be 
applied for generation of helical pinions and shapers. The helix angle of the pinion should be less 
than 15° if the pinion is ground by a worm of a special shape (see below). The advantage of 
helical pinions, of the new geometry, is the ability to obtain a longitudinal bearing contact and 
increase the contact ratio. 


1.5 Grinding of Face Gears 

Grinding or cutting of face gears may be performed by a worm of special of special shape 
with a limited number of threads (fig. 10). Design of such a worm requires avoidance of surface 
singularities [4], Locations of singularities are schematically noted in area A (fig. 10). 

The idea of design of a worm for generation of face-gears is based on simultaneous meshing 
of the worm and the shaper with the face-gear being generated (fig. 11). It is considered in such 
an approach that the shaper is in line contact between the face-gear and the worm is in point 
contact with the face gear. The whole surface of the face-gear is generated due to application of 
two-parameter enveloping process wherein the worm performs a feed motion as the screw 
motion about the axis of the shaper with the screw parameter of the shaper. 


1.6 Stress Analysis 

A stress analysis, based on finite element method [5] and application of a general purpose 
FEA computer program [6] has been developed. The main difference of the stress analysis 
performed from previous methods is that the derivation of contact model (fig. 12) is determined 
analytically using the equations of tooth surfaces [7]. 


2. New Types of Planetary Face Gear Drives 


2.1 Description of Developed Face Gear Drives 

2.1.1 Gear Train 1 . — The gear train is formed (fig. 1): (i) by coaxial face gears 1 and 4, and 
(ii) carrier c at which are mounted helical pinions 2 and 3. Pinions 2 and 3 are rigidly connected 
and perform: (a) transfer motion with carrier c, and (b) relative motion about carrier. The helix 
angles of pinions 2 and 3 are of the same directions in order to reduce the axial load on carrier c 
transformed from the pinions. 

Assume that face-gear 4 is fixed and the train is used as a planetary one. It follows from the 
kinematics of the train that 
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12 
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(C) 

34 




N, 


N, 


Then, we obtain 
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(4) _ 0} < 
cl 

(') 


n x n 3 


n 2 n 4 


n,n 3 


N l N 3 -N 2 N 4 


( 2 . 2 ) 


Here: co € and a>i are the angular velocities of rotation of carrier c and face-gear 1; m c / 4) is the 
gear ratio of the train where carrier c and face-gear 1 are the driving and the driven members of 
the gear train and gear 4 is held at rest; N f (i = 1,2, 3, 4) is the number teeth. 

In the case where N 2 = N 3 , we obtain that 


m 


(4) _ 

cl 


V, 

n 1 -n 4 


(2.3) 


A substantial reduction of angular velocity co c may be obtained. However, the efficiency of 
the train depends substantially on the applied gear ratio mJ 4 K 

Note: The gear train may be applied as well as a differential considering that the driving link 
is the carrier and the two driven members are 1 and 4. The advantage of such a differential is that 
zones of meshing (between 2 and 1, between 3 and 4) are separated and this permits increasing 
the precision and conditions of contact. 

Numerical Example 2.1.1 : The gear train of fig. 1 is formed as follows: output gear Nj = 100, 
planet gears N 2 = A; = 17, fixed gear N 4 = 88 , crossing angle y = 15°, helix angle (3 = 10°. From 
equation (2.3) it follows that 


m 


( 4 ) _ 

cl 


a\ 


100 

100-88 


8.333 


(2.4) 


Determination of efficiency of such a gear train has to carefully consider the direction of 
rotation of the input shaft (carrier) and output shaft (gear 1). It is possible to distinguish two 
cases: 

(i) Ni • N 3 > N 2 • N 4 : in this case, co c and coi have the same direction of rotation. 

(ii) Ni • N 3 < N 2 • N 4 : in this case, co c and coi have opposite directions of rotation. 

We will limit our attention to the case (i). Extension to case (ii) is straightforward. 

Since the driving shaft of the planetary train is the carrier, M c > 0. Since co c and a>i have the 
same direction of rotation, balance of work requires output torque M t < 0 .* 

Taking into account that (O c > (Oi for a reducer, it follows that 

M x {co x -co c ) > 0 (2.5) 


The previous statement is based of the condition M in co in + M out co 0 ut = 0. Here, input power is positive, output power negative. 
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Equation (2.5) represents the input power of the inverted train. The lost power of the inverted 
train coincides with the lost power of the planetary train and is given by: 


Pi = (\-Ji {c) )M x (co x -co c ) 


Equation (2.6) provides that Pi is positive. 

The efficiency of the planetary train is then given by: 




p 

( 4 ) _ 1 driven 


P + P 

driven l 


( 2 . 6 ) 


(2.7) 


The power of the driven link is 


P driven = ~M X Q\ > 0 


( 2 . 8 ) 


Substituting (2.6), (2.8) into (2.7), the final expression for the efficiency is obtained as 
follows: 


n$=- 


1 


l + (l-77 (c) ) 


N 2 N 4 


n 1 n 3 +n 2 n 4 


(2.9) 


Fig. 13 shows the gear ratio (eq. (2.3)) of the train and the efficiency (eq. (2.9)) as functions 
of the number of teeth, N 4 . Values of N, i = 1,2,3 are the same as in the example. The assumed 
power loss is of 2 percent at each mesh for these results. The graph highlights that high gear 
ratios correspond to low efficiency. For the data of this example, the expected efficiency would 
be about 77.5 percent. 

2.1.2 Gear Train 2 . — The gear train shown in fig. 2 is formed by: (i) the coaxial face 
gears 2 and 3, (ii) the input pinion 1, and (iii) the idler pinion 3. Pinions 1 and 3 might be helical 
or spur involute, or with modified profiles. The input shaft connected to pinion 1 is compliant in 
radial direction. 

The driving torque applied to pinion 1 will be balanced by two tangential forces (generated 
by gears 1 and 3 respectively). Due to the high compliance of the pinion radial location, the two 
forces will be equal and opposite. 

Torque transferred to gear 3 is then recombined in gear 2 (connected to the output shaft) by 
the idler pinion 4. In this way, the torque is first split and then recombined. The advantage is that 
the transmissible torque of the mechanism is doubled. The gear drive is not sensitive to an axial 
misalignment of the pinion, so the thermal expansions of the shaft are easily accommodated. 

Such a mechanism can find applications where an high gear ratio, high speed and torque is 
required in small space. Examples are automotive and aerospace transmissions, robots and for 
milling machines. In comparison with spiral bevel gears, a simplified gearbox with reduced 
precision is required. 

It is obvious that this is not a planetary mechanism. It follows from the kinematics of the 
train that Nj = N 4 and = N 3 . The transmission ratio is 
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C02 _N 2 
g\ N x 


( 2 . 10 ) 


Determination of Efficiency. Determination of efficiency of this train is performed taking into 
account that the torque is split in two parts at level of pinion 1. The output power opT 2 will be: 

2 = * (%2 + ^13^34^41) ( 2 - 11 ) 

Here, riy is the efficiency of the single mesh wherein gear i is the driving and j the driven 
member. 

The overall efficiency will be 


„ _ r l\2 ffhfhfhi 
' 2 


( 2 . 12 ) 


Numerical Example 2.L2: The gear train of fig. 2 is formed by the following gears: 
Ni=N 4 = 19, and N 2 = N 3 = 120. According to equation (2.10) it follows that 


^ = — = 6.32 
o\ 19 


(2.13) 


Using equation (2.12) and assuming an efficiency of meshing r^j = 0.98 (or 2 percent power 
loss per gear mesh), the total efficiency of the mechanism will be: 


77 = 


0.98 + 0.98 -0.98 -0.98 
2 


0.96 


(2.14) 


2.1.3 Gear Train 3 . — The gear train is formed as shown in fig. 3: (i) by coaxial face 
gears 1 and 3, and (ii) carrier c at which are mounted N p planets 2 (i) , i = 1 ,...,N P . Spur or helical 
gears may be applied. Extended axial dimensions of planets 2 (i> are required for simultaneous 
mesh of face-gears 1 and 3. Each planet is rotated independently with respect to the carrier. It 
follows from the kinematics of the train that 




= m 


(C) 

12 


m 


(c) 

23 


(- 1 ) — 
N, 


Thus, we obtain 


m 


( 3) _ Of 

1 c 

CO.. 


^ 1+^3 

N x 


(2.15) 


(2.16) 


Here, m lc (3) is the gear ratio of the train where face-gear 1 and carrier c are the driving and the 
driven members of the gear train respectively. Gear 3 is held at rest. 
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The advantages of such a gear train are the compact dimensions. The disadvantage is that 
possibilities of optimization of meshing between gears 1-2 and 2-3 are reduced, since gear 2 is in 
mesh simultaneously with gears 1 and 3 (see below). This gear train can be used also as a 
differential. 

Numerical Example 2.1.3 : The gear train of fig. 3 is formed from the following choices of 
tooth numbers: output gear Ni = 88, planet gears N 2 = 17, fixed gear vVj = 100. From equation 
(2.16) it follows that 


m 


( 3 ) _ <f\ 
1 c 


CO 


88 + 100 
88 


2.136 


(2.17) 


The advantage of the planetary gear train discussed is the capability to provide a small gear 
ratio that cannot be obtained from a conventional face gear drive. 

Such a gear drive is kinematically very similar to the gear train represented in fig. 4. The 
efficiency of such a gear drive may be estimated using equation (1.16). Assuming an efficiency 
of meshing ///? = rj 23 = 0.95, the following overall efficiency is obtained: 


77| c 3 > =1-(1- 0.95-0.95) 


' 100 ^ 
v 88 + 100 y 


0.82 


(2.18) 


The gear ratio provided by this mechanism is much lower than the one obtained, with the 
same gears, in example 1. However, the efficiency is fairly acceptable. 


Conclusions 

Based on the research conducted in this study the following conclusions can be presented: 

(1) Design of a new type of face gear drives that could be applied in aircraft have been 
developed. Such gear drives provide: (i) application of new types of planetary gear 
drives with coaxial axes of input and output shafts, (ii) face gear drives with split 
torque, (iii) new design of a planetary face gear drive. 

(2) New geometry of face gear drives based on application of parabolic rack-cutters. 

(3) Generation of face-gears by a worm of a special shape. 

(4) Efficiency comparison of the various gear train arrangements was performed and 
generally the efficiency was lower for higher gear reduction ratios. 
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Figure 1. — Example 1: planetary face gear drive. 
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shaft 


Figure 2. — Example 2: angular transmission with torque splitting. 
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Figure 3. — Example 3: planetary face-gear drive. 
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Figure 4. — Schematic representation of one stage planetary gear train. 
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Figure 5. — Schematic of one-stage planetary gear train with double-helical gears 
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Figure 6. — Schematic illustration of regulation of backlash in 
one stage planetary gear train: (a) backlash between gears 
1,3, and 2 (i> before regulation; (b) elimination of backlash 
by axial displacement of of planet gear 2 (i> . 
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Figure 7. — Functions of transmission errors A 
in five subgear drives. 
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Figure 8. — Illustration of integrated functions of 
transmission errors for subdrives. 
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Figure 9. — Illustration of: (a) reference rack-cutter Z c with 
straight profiles, (b) shaper £ cs parabolic rack-cutter 
profile, (c) pinion E c , parabolic rack-cutter profile. 
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Figure 10. — Grinding (cutting) worm applied for generation of face-gear; 
worm singularities are indicated by A. 



Figure 1 1 . — Illustration of simultaneous meshing of 
grinding worm, shaper, and the face-gear. 
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Figure 12. — Contacting model used for finite element analysis. 



Figure 13. — Efficiency of mechanism of example 2.1.1. 
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